Introduction
============

Hypoxia is a physiological or pathological phenomenon related to a wide range of diseases, such as diabetes,[@b1-ijn-14-707] inflammation,[@b2-ijn-14-707] wound,[@b3-ijn-14-707] and tumor.[@b4-ijn-14-707],[@b5-ijn-14-707] Among these diseases, tumor is a highly dangerous human health problem. The solid tumor has a hypoxic feature. Inside the tumor, cancer cells grow fast. The blood vessels in tumor tissue are fewer than in normal tissue. When the inner oxygen level of a tumor cannot match the needs of the fast-growing cancer cells, a hypoxic region emerges.[@b6-ijn-14-707] The tissues from the outer layer to the inner part of the solid tumor are defined as normoxic, hypoxic, and necrotic[@b6-ijn-14-707] ([Scheme 1](#f4-ijn-14-707){ref-type="fig"}). Hypoxia can upregulate the hypoxia-induced factor (HIF)-1-α expression. HIF-1-α then upregulates vascular endothelial growth factor (VEGF) and some other downstream proteins to improve blood vessel production and carry further nutrition and oxygen to tumor tissue.[@b4-ijn-14-707],[@b7-ijn-14-707] Thus, hypoxia becomes a factor that promotes tumor growth and chemo/radiotherapy resistance.[@b8-ijn-14-707],[@b9-ijn-14-707] Hypoxia is a common feature of most solid tumors. Thus, researchers can use a hypoxia probe to detect tumor and obtain tumor hypoxia distribution images.[@b10-ijn-14-707]--[@b12-ijn-14-707]

In recent decades, researchers have greatly contributed to the detection of tumor hypoxia. For clinical diagnosis, the oxygen electrode is the gold standard for oxygen detection.[@b13-ijn-14-707],[@b14-ijn-14-707] However, this invasive method does not allow imaging. Currently, an increasing number of researchers are focusing on noninvasive hypoxia imaging. The commonly used noninvasive hypoxia imaging modalities are positron emission tomography/computed tomography (PET/CT),[@b15-ijn-14-707] magnetic resonance imaging (MRI),[@b16-ijn-14-707] photoacoustic imaging (PAI),[@b17-ijn-14-707] and optical imaging.[@b18-ijn-14-707] Recently, optical hypoxia imaging has gained an increasing amount of attention because of its high sensitivity and output, convenient operation, and low cost.[@b6-ijn-14-707],[@b19-ijn-14-707] The probes for optical hypoxia imaging are organic dyes[@b20-ijn-14-707] and metal complexes.[@b21-ijn-14-707],[@b22-ijn-14-707] The metal complex has numerous good features, such as a long phosphorescent life time, high oxygen sensitivity, and lipophilicity to penetrate cell membranes. Thus, this material has become a promising optical hypoxia sensor. The optical hypoxia sensors are mainly applied to cultured cells and animal solid tumor samples. To improve the accuracy and prevent the blocking of tissues and depth influence, researchers developed ratiometric hypoxia sensor, which combines a hypoxic-insensitive dye with a hypoxia sensor and uses their ratio to define the oxygen concentration.[@b18-ijn-14-707],[@b23-ijn-14-707] Meanwhile, some studies focused on organelle structure hypoxia condition, such as mitochondrial hypoxia distribution. Lv et al developed mitochondrial targeting photosensitizers with hypoxia imaging features.[@b24-ijn-14-707] By linking the hydrophobic cation moiety, the hypoxia sensor achieved a mitochondrial targeting feature and can manifest high-resolution oxygen distribution inside the cell. These new sensors and probes have progressively improved cancer clinical diagnosis.

Hypoxia is a feature that exists throughout tumor genesis and formation.[@b25-ijn-14-707] Solid tumor contains a limited amount of blood vessels. Thus, drugs cannot easily penetrate into the tumor tissue. Moreover, in photodynamic therapy (PDT), hypoxia is a naturally inhibiting condition, because photosensitizers need oxygen to produce singlet oxygen and ROS.[@b26-ijn-14-707] Some researchers found that hypoxia can improve tumor metastasis and invasiveness.[@b27-ijn-14-707] Thus, having a comprehensive understanding of tumor hypoxia condition is key to tumor therapy. Hypoxia imaging can be used to locate areas where tumor can be found. Zheng et al developed an iridium-based hypoxia nanosensor to detect tumor metastasis.[@b28-ijn-14-707] They used the comicelle method to compose a hypoxia nanosensor (named Ir-CM) from a poly(N-vinylpyrrolidone)-conjugated iridium-(III) complex (Ir-PVP) and poly(e-caprolactone)-b-poly(N-vinylpyrrolidone) (PCL-PVP). Under hypoxic conditions, the near-infrared (NIR) phosphorescence of nanosensors is activated. After the intravenous injection of Ir-CM, the cancer metastasis in blood circulation or lymph system can be clearly detected in whole-body imaging.

During therapy, hypoxia imaging can monitor tumor conditions and therapy effects.[@b29-ijn-14-707] At present, tumor hypoxia imaging has been applied in chemotherapy. To monitor tumor microenvironment changes during chemotherapy, Zeng et al used the hypoxia sensor (bis(2-(2′-benzothienyl)-pyridinato-N,C3′)iridium(acetylacetonate)) (BTP, Ir(btp)~2~(acac)) on CT-26 cell tumor model to monitor tumor hypoxia distribution during cisplatin treatment.[@b11-ijn-14-707] BTP phosphorescent intensity can reflect different cisplatin chemotherapy effects. A larger tumor phosphorescent intensity and smaller tumor volume resulted in a stronger chemotherapy effect. The real-time hypoxia microenvironment in tumor tissue was monitored using the BTP phosphorescence data. The cisplatin chemotherapeutic effect was estimated by phosphorescent intensity and tumor volume data. Thus, hypoxia imaging can be used to monitor and evaluate tumor therapy and for multifunctional hypoxia imaging-guided therapy.

To accomodate all the imaging modalities and tumor therapy drugs with optical hypoxia sensor and to produce a multifunctional hypoxia preparation, the technology requires a carrier upon which all the agents are loaded. A nanoparticle is highly suitable for this purpose. Nanoparticles have suitable features, such as enhanced permeation and retention (EPR) effect, long circulation, and easy endocytosis, which can help drugs and hypoxia imaging sensors to remain and accumulate in tumor regions.[@b30-ijn-14-707]--[@b32-ijn-14-707] Moreover, the various structural designs of nanoparticles allow each modality and function to work well together without interruption.[@b19-ijn-14-707] By using active targeting and immune escape functional groups, surface modification could also aid the biological application of multifunctional hypoxia nanoparticles.[@b33-ijn-14-707]

In this review, we initially introduce the types of multifunctional hypoxia nanoparticles. Then, we focus on multimodal hypoxia imaging nanoparticles and hypoxia imaging-guided tumor therapy. Finally, we discuss the current challenges and future expectations in this field. We hope that this review would attract further research attention to this promising field.

Types of multifunctional and multimodal optical hypoxia imaging and therapeutic nanoparticles
---------------------------------------------------------------------------------------------

To combine each modality and functional agent, the nanocarriers should be capable of loading different types of imaging or therapeutic agents. Thus, multifunctional hypoxia imaging nanoparticles have various composite structures. On the basis of structure, the nanoparticles can be classified as follows: core--shell structure nanoparticles, matrix-dispersed nanoparticles, self-assembled nanoparticles, and micelle/liposome-like nanoparticles. The general descriptions of these composite nanoparticles are listed in [Table 1](#t1-ijn-14-707){ref-type="table"}.

Core--shell structure nanoparticles
-----------------------------------

Core--shell structure nanoparticles have a core and a shell. These are widely used in studies. Mostly, the core is formatted by a hydrophobic drug or metal complex, which is loaded in a polymer.[@b34-ijn-14-707] Some metal cluster or nanoparticles may also serve as core materials. For the core to become water soluble and biocompatible, the outer shell is usually hydrophilic and composed of biomaterials, such as hyaluronic acid (HA) and chitosan.[@b35-ijn-14-707] The shell enables the core--shell nanoparticles to disperse in water and decreases the cytotoxicity of the core. Xu et al fabricated a silane coat covering an up-conversion nanoparticle (UCNP) core. Chemotherapy drugs and hypoxia sensors were then loaded into the shell. The UCNP core could convert NIR light into visible light and interact with the drug and sensors in the shell.[@b36-ijn-14-707] Moreover, surface modification adds tumor targeting ability to core--shell nanoparticles. This ability allows nanoparticles to accumulate in the tumor region, thereby benefiting tumor hypoxia imaging and hypoxia imaging-guided tumor therapy.

Matrix-dispersed nanoparticles
------------------------------

The matrix in matrix-dispersed nanoparticles is usually a polymer. The hypoxia probe, imaging agent, and tumor therapy agent are dispersed evenly in the matrix. Those agents could be small molecules and small nanoparticles. Huang et al[@b37-ijn-14-707] developed supramolecular polymer nanoparticles (SPNPs) for ratiometric tumor hypoxia imaging and therapy. Pt(II) porphyrin for hypoxia imaging and PDT, and the hypoxia-insensitive reference dye 9,10-diphenyl-anthracene were distributed in the SPNPs.[@b37-ijn-14-707] In some cases, small nanoparticles were encapsulated into the matrix to become larger nanoparticles.[@b38-ijn-14-707] The small nanoparticles are metal clusters, quantum dots (QDs) and UCNP, serving as fluorescent functional agents. The matrix separates the small nanoparticles and protects from self-quenching and other interactions. After being loaded in nanoparticles and matirx, the hypoxia probes, fluorescent functional agents, or therapy agents will interact with each other to realize the multifunctional hypoxia imaging. These agents can be mixed more thoroughly in one matrix-dispersed nanoparticle structure than in a simple core--shell structure, in which only the materials near the edge are close to one another. Yu et al loaded metal-enhanced fluorescent (MEF) agent gold nanoparticles (Au NPs) and hypoxia sensor BTP into a polyiohexol matrix.[@b39-ijn-14-707] The Au NPs and BTP were thoroughly mixed to allow the Au NP luminescence to fully enhance the BTP luminescent signal.

Self-assembled nanoparticles
----------------------------

Self-assembled nanoparticles use amphiphilic block polymers to format a nanoparticle.[@b40-ijn-14-707] The core usually comprises hydrophobic agents. However, unlike core--shell nanoparticles, the block polymer and core interaction of self-assembled nanoparticles are induced in one step.[@b41-ijn-14-707] Self-assembled nanoparticles usually need fewer kinds of agents to compose nanoparticles. Thus, the biocompatibility of self-assembled nanoparticles is much better than those of the other kinds of nanoparticles.[@b42-ijn-14-707] Zhou et al prepared self-assembled hypoxia imaging and tumor PDT nanopar-ticles by using Pt(II) porphyrin and polyfluorene-based hyperbranched conjugated polyelectrolyte. The materials self-assembled into ultrasmall polymer dots (Pdots) \~10 nm in size.[@b43-ijn-14-707] The loading capacity of self-assembled carriers are usually not as large as that of normal nanocarriers. The polarity and hydrophobicity of hypoxia sensor molecules and drugs should be considered in designs. Self-assembled nanoparticles are relatively loose in structure and are only restrained by van der Waals forces. Some researchers use cross links to further solidify their nanoparticles after the self-assembly process.

Micelle/liposome-like nanoparticles
-----------------------------------

Micelles and liposomes have been widely used in drug delivery and emulsion preparation.[@b44-ijn-14-707] These structures remain very good nanocarriers for optical hypoxia sensors and drugs. Micelles have a single layer for loading lipophilic agents and liposomes have double layers that can be loaded inside with a hydrophilic water phase. Meanwhile, the lipid phase can still be mixed with some lipophilic agents. In recent years, some studies exploited cell membranes, such as the cancer cell membrane, to realize homotypic targeting and immune escape abilities, for tumor targeting.[@b45-ijn-14-707] Li et al applied cancer cell membranes on Pt(II) porphyrinic metal--organic framework (PPt) to prepare membrane\@Pt(II) porphyrinic metal--organic framework (mPPt). The mPPt has a distinctive tumor targeting feature.[@b33-ijn-14-707] The materials used in preparing micelles and liposomes are phospholipids, amphiphilic polymers, and cell membranes. Thus, their biocompatibilities are much better than those of other composite nanoparticles.

Multimodal hypoxia imaging nanoparticles
----------------------------------------

Although progress has been achieved in cancer diagnosis techniques, numerous patients notice their cancer condition only at a late stage. Early-stage cancer detection allows doctors and patients to pay attention to subclinical cancer and to address the condition immediately before it progresses and metastasizes. Hypoxia is an ideal parameter that distinguishes tumor tissue from normal tissue.[@b6-ijn-14-707] Hypoxia is an event that contributes to the entire tumor growth process. The HIF and VEGF pathways need hypoxia conditions to upregulate and then improve tumor growth. Thus, thoroughly understanding the tumor micro hypoxia environment can help improve cancer therapeutic methods. Using an effective hypoxia sensor to detect early stage tumor and image the tumor hypoxia distribution can profoundly contribute to cancer therapy. Optical hypoxia imaging is a fast and convenient way to achieve overall hypoxia distribution and tumor detection.

Optical hypoxia imaging is a high-sensitivity imaging method. However, the resolution of in vivo fluorescent/phosphorescent imaging is relatively low compared with those of high-resolution imaging modalities, such as MRI, CT, and PAI.[@b46-ijn-14-707] Hence, the combination of high-resolution imaging modalities and high-sensitivity functional hypoxia imaging make this method valuable for detecting tumor and for thoroughly understanding inner tumor conditions.[@b30-ijn-14-707]

CT is a widely used clinical imaging method. CT produces high-resolution and 3D images. Optical hypoxia imaging is a highly sensitive functional imaging method to reflect hypoxia distribution. The combination of CT and optical hypoxia imaging is a better way to detect tumor hypoxia distribution with high-resolution morphology image. Yu et al developed a dual modal-enhanced phosphorescence hypoxia/CT imaging nanoprobe based on iridium complex BTP, Ir(btp)~2~(acac) and Au NPs polyiohexol composite (BAPI) nanoparticles.[@b39-ijn-14-707] The scholars used polyiohexol to encapsulate Au NPs and BTP. Au NPs and polyiohexol served as CT imaging agent, and BTP acted as a hypoxia sensor. The BAPI nanoparticles had a size distribution of 52.9 nm. On a hela cell subcutaneous tumor model, the CT imaging results showed high-quality 3D CT images. The BAPI nanoparticles exhibited a high CT value of 800, which is higher than that of the commercial CT agent iohexol (400). Au NPs can also be used as an MEF agent. The phosphorescent intensity of BTP was increased eightfold in vitro by the Au NPs. When hypoxia imaging was performed in vivo, the BAPI nanoparticles accumulated in the tumor area from 24 to 48 h post-injection, and the hypoxia distribution of the tumor is observed in photographs. The phosphorescent intensity of BAPI in tumor was higher than that of the BPI nanoparticles and BTP solution, thereby indicating the MEF effect of the Au NPs ([Figure 1A](#f1-ijn-14-707){ref-type="fig"}).

Jana et al prepared dual modal MRI/hypoxia imaging probes based on iridium (III)−lanthanide (III) luminescent complexes.[@b47-ijn-14-707] The authors successfully connected a phosphorescent iridium (Ir) unit with one or two lanthanide (Ln, Ln=Eu(III) and Gd(III), respectively) units to synthesize an Ir--Ln metal complex for MRI/luminescent bioimaging. The dinuclear complex had outstanding water solubility, low cytotoxicity, and accurate lysosome staining ability. For dual modal imaging, the Ir--Gd complex has a very high reflexivity (11.9 mM^−1^ s^−1^ in water) compared with mono-Gd complexes, such as diethylenetriaminepentaacetic acid and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (4--5 mM^−1^ s^−1^). The two-photon phosphorescence lifetime imaging (PLIM) experiment showed excellent O~2~-sensing ability in vitro of the Ir--Gd complex ([Figure 1B](#f1-ijn-14-707){ref-type="fig"}).

Hypoxia imaging-guided tumor therapy nanoparticles
--------------------------------------------------

Numerous multifunctional image-guided cancer therapy nanoparticles have been developed to build a theranostic platform for cancer treatment. In a traditional cancer therapeutic process, hypoxia constantly acted as a hindering factor for doctors and patients. This condition made solid tumor resistant to chemotherapy and radiotherapy. Given the insufficiency of blood vessels, the solid tumor is almost out of normal blood circulation. Thus, few cancer therapy drugs can reach the tumor area. Insufficient oxygen supply is also adverse to PDT. Hypoxia can trigger cancer cell mutation and tumor metastasis. Therefore, understanding the tumor hypoxic degree and internal tumor hypoxia distribution can help address hypoxia in tumors. The hypoxia imaging method can aid in locating the tumor area. To further utilize optical hypoxia imaging to guide cancer therapy and monitor therapeutic efficiency, researchers built various theranostic systems for optical hypoxia imaging-guided tumor therapy.

Hypoxia imaging-guided PDT
--------------------------

Many phosphorescent hypoxia probes can produce ROS, which can eliminate cancer cells.[@b48-ijn-14-707] This kind of therapeutic method is called PDT. These ROS-generating agents are called photosensitizers. PDT is a promising cancer therapy method that has a better therapeutic effect than chemotherapy on chemotherapy-resistant tumor types.[@b49-ijn-14-707] Chemotherapy has its drawbacks, such as side effect, drug resistance, and toxicity to normal organs and cells. PDT is a noninvasive therapy method with high space accuracy. It is an imaging-guided therapy method.

PDT uses cytotoxic singlet oxygen species and ROS to treat cancer cells. The triplet oxygen molecules react with photosensitizers and then transform into singlet oxygen species. PDT has a high therapy efficiency and high area selectivity. PDT needs light source irradiation; thus, the therapy selectivity can be controlled by carefully applying a light source to the cancer area. Under radiation, the photosensitizer converts oxygen to singlet oxygen-free radicals, which kill cancer cells. The singlet oxygen has a limited half-life and space diffusion rate. The photosensitizer is nontoxic without light irradiation, thereby preventing damage to normal tissues.

The phosphorescent hypoxia probes use a similar mechanism to react with oxygen molecules. The probes are excited from the singlet state transition to the triplet state by inter-system crossing process. Then, the phosphorescence is quenched by oxygen molecules. Oxygen sensing is based on the linear relationship between the phosphorescent intensity change and the oxygen concentration.[@b50-ijn-14-707] Thus, these two process can be integrated together as hypoxia imaging-guided PDT. Light, oxygen, and photosensitizer are the three main factors in PDT.[@b51-ijn-14-707] The hypoxia in tumor microenvironment can lead to tumors' PDT resistance. Thus, the investigation of the inner tumor hypoxia distribution is much more important in accurately diagnosing and evaluating the tumor PDT effect.

Therefore, building a multifunctional nanoparticle for tumor hypoxia distribution sensing while retaining the photosensitizer feature in situ is very useful. This technology is highly effective in mapping early stage tumor and killing cancer cells by light irradiation. Feng et al prepared Ir(III) complex hyperbranched phosphorescent-conjugated Pdots for hypoxia imaging and PDT.[@b52-ijn-14-707] The scholars chose phosphorescent oxygen sensor factris(1-phenylisoquino-linato-N,C2′)iridium(III) and the oxygen-insensitive dye 9,9-dioctylfluorene to synthesize hyperbranched conjugated polymer (Ir-HPC). The surface was coated with poly(styrene-co-maleic anhydride) (PSMA) to fabricate Ir-HPC/PSMA dots. The PSMA coating enhanced the water solubility and brought negative charge to Ir-HPC/PSMA dots. The Ir oxygen sensor then achieved great oxygen sensing ability. The Förster resonance energy transfer (FRET) between the 9,9-dioctylfluorene and Ir sensor resulted in Ir-HPC/PSMA dot ratiometric oxygen sensor. Ir-HPC/PSMA dots can be used on PLIM and time-gated luminescence imaging to decrease autofluorescence and background noise. The Ir-HPC/PSMA dots had high ROS yield. The hypoxia image-guided in situ PDT results were confirmed by confocal microscopy and MTT assay. Cell death and apoptosis can be observed in situ.

The same work was performed by Zhou et al.[@b43-ijn-14-707] They prepared hypoxia imaging-guided cancer cell PDT multifunctional phosphorescent-conjugated Pdots.[@b43-ijn-14-707] The scholars also used Pt(II) porphyrin as an oxygen sensor and poly-fluorene-based hyperbranched conjugated polyelectrolyte as a reference. These materials can be self-assembled into \~10 nm Pdots. These Pdots improve the water solubility of Pt porphyrin. The FRET between the Pt complex and poly-fluorene resulted in nanosensor ratiometric oxygen sensing. For PDT efficiency, the Pdots obtained a high ROS quantum yield of 0.80 in solution. The MTT assay showed excellent cancer cell ablation ability. The flow cytometry and real-time fluorescent microscopy results also indicated superior PDT efficiency.

Wang et al synthesized mitochondria targeting nanoparticles for the optical hypoxia imaging and PDT.[@b53-ijn-14-707] They doped Pt(II)-mesotetra(pentafluorophenyl)porphine (PtTFPP) into nanoparticles for oxygen sensing and PDT. The scholars also modified the nanoparticles with mitochondrial targeting agent triphenylphosphine. Under low-energy irradiation, the nanoparticle serves as an oxygen sensor to monitor respiratory activities. Under high-energy irradiation, the nanoparticles can generate ROS for PDT to treat cancer cells. The cytotoxicity assay and oxygen consumption rate assay showed excellent PDT efficiency ([Figure 2A](#f2-ijn-14-707){ref-type="fig"}).

The cell-level effect of PDT is very distinct. However, the final goal of PDT is to treat cancer. Li et al developed a biomimetic theranostic O~2~ meter for tumor targeting PDT and optical hypoxia imaging.[@b33-ijn-14-707] The scientists coated mPPt for tumor targeting and immune escape. The mPPt can monitor real-time tumor oxygen distribution and fluctuation in vivo. The mPPt also showed excellent tumor targeting ability. The anticancer study showed that the mPPt and PPt groups achieved a slightly reduced tumor size relative to those of the control groups and indicated the satisfactory PDT effect of mPPt ([Figure 2B](#f2-ijn-14-707){ref-type="fig"}).

Lv et al developed a multifunctional hypoxia imaging probe based on phosphorescent starburst Pt(II) porphyrins for tumor hypoxia imaging and PDT.[@b54-ijn-14-707] The group synthesized a couple of hydrophilic starburst Pt(II) porphyrins with cationic fluorene oligomers as arms. These arms rendered these starbursts hydrophilic and provided a 3D structure to prevent aggregation. Longer arms resulted in superior oxygen sensitivity and ROS generation ability. Among the agents, one of the hydrophilic starburst Pt(II) porphyrins (Pt-3) had a deep-red emission and long phosphorescent lifetime, thereby eliminating autofluorescence and increasing the accuracy of oxygen sensing. The in vitro PDT effect was confirmed by MTT assay and flow cytometry. The Pt-3 still had higher PDT efficiency than that of hematoporphyrin (HP, a typical photosensitizer in clinic) even under hypoxic conditions. In vivo tumor inhibition experiments showed that Pt-3 had better PDT efficiency than HP ([Figure 2D](#f2-ijn-14-707){ref-type="fig"}).

Hypoxia imaging-guided chemotherapy
-----------------------------------

The direct inhibition of HIF is an effective way to treat hypoxia-associated diseases. Combining hypoxia imaging and HIF inhibition is an alternative strategy for hypoxia imaging-guided cancer therapy. Wang et al prepared a ruthenium(II) anthraquinone complex-based hypoxia imaging agent combined HIF-1-α inhibition.[@b55-ijn-14-707] They prepared \[Ru(bpy)~2~(ipad)\](ClO~4~)~2~ (Ru-ipad, where bpy =2,2′-bipyridine and ipad =2-(anthracene-9,10-dione-2-yl)imidazo\[4,5-f\] \[1,10\]phenanthroline) for hypoxia sensing and cancer inhibition. The Ru-ipad had a 40-fold phosphorescent intensity change from 20% to 1% oxygen level. When applied to cultured cells, Ru-ipad showed excellent intracellular hypoxia imaging ability. The Ru-ipad also exhibited cytotoxicity in 2D and 3D cultured cells. The MTT assay showed that the Ru-ipad had a similar IC~50~ value as that of commercial clinical chemotherapy drug cisplatin at around 20 µM. In cisplatin-resistant cell lines, Ru-ipad still has a low IC~50~, whereas cisplatin's IC~50~ reached \~150 µM. In the 3D-cultured tumor sphere model, Ru-ipad manifested tumor inhibition within 0--8 days. The tumor sphere volume showed no change compared with the control group, which was similar to the cisplatin group. Ru-ipad could inhibit HIF-1-α expression to treat cancer cells under hypoxic conditions ([Figure 2C](#f2-ijn-14-707){ref-type="fig"}).

Li et al developed an up-converting NIR irradiation/hypoxia responsive nanotheranostic agent for hypoxia imaging and tumor therapy.[@b56-ijn-14-707] The nanoparticle is based on UCNP. A novel anticancer drug floxuridine (FDU) was modified by an ultraviolet photo trigger (E)-o-hydroxycinnamic acid (CA~E~) and hypoxic trigger 4-nitrobenzyl group. Then they were all linked to UCNP to be a nanotheranos-tic platform (designed as UCNP-CA~E~-FDU/NO~2~). When treated with 980 nm light and under hypoxic conditions, the nanoparticle UCNP-CA~E~-FDU/NO~2~ can release FDU to treat tumor and emit fluorescence for hypoxia imaging. The cellular imaging of the cell culture showed nearly tenfold increase of the fluorescent intensity of UCNP-CA~E~-FDU/NO~2~ after incubation with oxygen levels from 20% to 1%. In vivo tumor inhibition experiment was performed with the MCF-7 cell line tumor model. The mouse group injected with UCNP-CA~E~-FDU/NO~2~ and treated with NIR radiation had excellent tumor inhibition rates (86%) compared with the control group after 14 days. Meanwhile, the NIR treatment only and nanoparticle injection only groups showed lower tumor inhibition and could only maintain the tumor growth and not decrease the tumor size as in the nanoparticle-combined NIR group ([Figure 3A](#f3-ijn-14-707){ref-type="fig"}).

Qian et al prepared a light-activated hypoxia-responsive nanocarriers for hypoxia imaging and tumor PDT/chemotherapy.[@b43-ijn-14-707] The group combined PDT and chemotherapy into a light-activated and hypoxia-responsive doxorubicin hydrochloride hypoxia-sensitive 2-nitroimidazole-grafted conjugated polymer nanoparticles (DOX/CP-NI NPs). The DOX/CP-NI NPs had a good PDT and drug effect in vitro. The DOX/CP-NI NPs can accumulate in tumor areas after intravenous injection. The tumor growth was completely inhibited in the DOX/CP-NI NPs and light-treated groups 5 days after injection compared with those in the doxorubicin hydrochloride only, PDT only, DOX/CP-NI NPs without light, light only, and saline control groups. This result indicated the higher combined therapeutic efficacy of doxorubicin hydrochloride and PDT.

Challenges and future perspectives
----------------------------------

The multifunctional hypoxia imaging and therapy nanoparticles have many advantages in tumor detection and imaging-guided tumor therapy. However, some limitations still limit the application of this technology. Multifunctional and multimodal nanoparticle-based theranostic system for treating tumor has numerous differences relative to those of traditional cancer imaging and therapeutic methods. The multifunctional hypoxia nanoparticle has more constituents and complicated structures. Thus, the interruptions between hypoxia sensors and other luminescent dyes or therapeutic drugs have become a problem. Additional intervals must be built to separate agents and maintain their functions. Thus, a further complicated structure introduces challenges to the quality control of the nanoparticle synthesizing process.

Meanwhile, the more imaging modalities or therapy methods are involved, the more complicated the nanoparticle becomes and the more difficult for researchers to coordinate each component. The current multimodal hypoxia imaging nanoparticles usually have only one modality with a distinguishing performance; the other modalities were not as good but usually served as add-on morphology function, which is still not superior. All the functions are supposed to cooperate with one another and achieve a synergistic effect. Optical hypoxia imaging is an ideal imaging modality that can match other imaging and therapy methods. The high sensitivity can combine with the high-spatial-resolution methods, such as CT and PAI. Hypoxia-monitoring ability is important to cancer therapy. To build more robust multifunctional hypoxia imaging and therapy nanoparticles, the imaging performance of each modality need to be improved to fulfill the requirements for hypoxia sensing, referring, and functional imaging.

Moreover, the imaging modalities selected should consider other tumor biology factors besides simply recreating the morphology of the tumor region. Multimodal hypoxia tumor imaging is intended for tumor therapy. Knowing the shape and location of tumor is obviously not enough. Hypoxia imaging can detect tumor and show the hypoxia distribution condition within the tumor region. Meanwhile, this modality not only guides tumor therapy but also monitors the therapy process and contributes to decision making.[@b57-ijn-14-707] Thus, the modalities involved in multifunctional hypoxia imaging nanoparticles may include biology parameters, such as tumor pH imaging, temperature sensing, and cancer cell extracellular biomarker detection.

To achieve tumor hypoxia imaging, the nanoparticle should first penetrate into the tumor area. Nanoparticles first go through blood vessels to reach the tumor region. The current nanoparticles with a diameter around 100 nm can only be accumulated in solid tumor through EPR effect. However, during the process of nanoparticles transferring from the vascular to tumor hypoxic tissues, there are still many collagens, glycosaminoglycans, and proteoglycans blocking the nanoparticles from spreading throughout the entire tumor.[@b58-ijn-14-707] The normal drug delivery in tumor extracellular matrix (ECM) went through passive diffusion process, which depends on the interstitial fluid pressure. However, for large particles, the passive diffusive transport is not enough. The ECM is composed of different materials such as collagen, glycosaminoglycans, and proteoglycans.[@b59-ijn-14-707] The complex mixture reduces the spread rate of nanoparticles. Among these compositions, collagen plays an important role in hindering the diffusion of nanoparticles. The distance between collagen fibers is 20--40 nm. The collagen bubble space between 75 and 130 nm would also reduce the delivery of nanoparticles.[@b60-ijn-14-707] Thus, in the design of multifunctional hypoxia imaging nanoparticles, the particle size that could match the ECM limitation window becomes a crucial factor to be considered. The multifunctional hypoxia imaging nanoparticles' size distribution is better if \<40 nm. Another strategy is to first produce large nanoparticles with a diameter around 100 nm. When triggered by the environmental parameters, they shrunk into smaller nanoparticles to penetrate the tumor ECM.[@b61-ijn-14-707] Xie et al prepared hypoxia-induced size-shrinkable nanoparticle to improve the nanoparticle penetration in tumor hypoxia region.[@b62-ijn-14-707] Both the designs would assist the distribution of the multifunctional hypoxia nanoparticles in solid tumor and produce more reliable hypoxia imaging data.

The nanoparticle carrier can improve the effects of tumor hypoxia detection and hypoxia imaging-guided tumor therapy. The proteins and peptide drugs are macromolecules with EPR effect.[@b63-ijn-14-707] Some peptide drugs with active targeting capabilities could also target tumor region.[@b64-ijn-14-707] Researchers have used these peptides and proteins as drug carrier or probe. Zhou et al prepared bombesin-conjugated ^111^In complex for hypoxia-enhanced prostate cancer imaging.[@b65-ijn-14-707] However, proteins and peptides have some drawbacks that limit their performance in doing hypoxia imaging. They are vulnerable to enzyme degradation. The mononuclear phagocyte could also uptake those peptides. The renal filtration also decreases the circulation time of peptides.[@b66-ijn-14-707],[@b67-ijn-14-707] The nanoparticles that carry small molecules could accumulate in the tumor area by EPR effect and then release those small molecules to be defused in tumor tissue. The nanoparticle-based hypoxia imaging probe has longer circulation time than peptides and protein probes.[@b68-ijn-14-707] They are not likely to be cleared by renal filtration.[@b69-ijn-14-707] The surface modification could add stealth materials such as polyethylene glycol to prevent nanoparticles from being taken up by mononuclear phagocyte.[@b70-ijn-14-707]

After the nanoparticles reach the tumor hypoxia tissue, the next step is to receive the signals from deep tumor tissue. The autofluorescent absorption from the body and decay of optical signals render many kinds of optical imaging methods not applicable to tumor sampling deep in the tissues.[@b71-ijn-14-707] The same scenario was observed in PDT. At present, the in vivo experiments performed in optical hypoxia imaging-related papers mostly involved subcutaneous tumor models. A design incorporating the use of NIR dye can improve the transmission of fluorescent signals. The NIR window of biological tissue, that is, between 650 and 1,350 nm, allows fluorescence to transmit more strongly than the other wavelength ranges.[@b72-ijn-14-707] NIR hypoxia imaging has a stronger signal and offers more accurate results than those of other modalities. Optical hypoxia sensors must be developed and applied to improve penetration into tissues. The current up-conversion hypoxia imaging nanoparticle is a good way to partially solve this issue because of its use of NIR excitation instead of visible light.[@b73-ijn-14-707] However, NIR emissive hypoxia sensors and photosensitizers are still crucial for realizing multifunctional hypoxia nanoparticle clinical application.

Another limitation is the need for a standard monitoring rule system for hypoxia imaging-guided tumor therapy. The tumor precise therapy requires not only to show the morphology of the tumor site but also to monitor and to evaluate the therapy effect. Thus, an accurate system evaluating the cancer therapeutic effect that is based on the hypoxia distribution variation within the tumor area is crucial to hypoxia imaging-guided cancer therapy. Current hypoxia imaging-guided therapy usually involves hypoxia imaging as the only imaging modality. However, hypoxia signal alone is insufficient for precise evaluation because of the tissue block and autofluorescence that affect the luminescent intensity. Ratiometric hypoxia imaging can quantify oxygen concentration based on luminescent intensity. Meanwhile, hypoxia monitoring still entails additional parameters, such as the tumor size/volume, and another imaging modality to achieve accuracy. In this case, the multimodal hypoxia imaging-guided tumor therapy is a more rational design. Current imaging or therapy is still not well integrated with the hypoxia sensor.

Currently, the optical hypoxia imaging-guided tumor therapy mainly includes PDT and chemotherapy. The optical hypoxia imaging-guided PDT has been well developed since the PDT process needs to monitor the tumor oxygen condition in order to enhance PDT effect. The chemotherapeutic effect could also be evaluated by optical hypoxia imaging. In recent years, tumor gene therapy has become a promising way to treat tumors. Some researchers have already applied hypoxia imaging to guide the tumor gene therapy. Park et al developed a multifunctional nanoparticle platform based on amphiphilic polyethyleneimine (amPEI), tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) (Ru(dpp)~3~^2+^) hypoxia probe and QDs for cellular labeling, targeting, gene delivery, and ratiometric oxygen sensing. The authors prepared QD and Ru(dpp)~3~^2+^ cohosting amPEI composite (QD-Ru-amPEI) as multifunctional nanoparticles for cellular labeling, hypoxia sensing, and gene delivery.[@b74-ijn-14-707] QD-Ru-amPEI had excellent ratiometric oxygen-imaging results on HCT-116 cells. The tumor sphere model showed a 3D hypoxia distribution after application with QD-Ru-amPEI. The amPEI loaded with small interfering RNA can silence green fluorescent protein gene expression in cells. When coated with HA, amPEI showed active cancer cell-targeting ability ([Figure 3B](#f3-ijn-14-707){ref-type="fig"}). The hypoxia imaging can monitor the tumor hypoxia condition during the gene therapy along with evaluating the gene therapeutic effect. The multifunctional hypoxia imaging and gene therapy nanoparticles have the potential to be applied in tumor gene therapy.

In summary, the current multifunctional hypoxia nanoparticle is a promising technology for tumor detection and therapy, although it is currently facing some drawbacks and limitations. Several of its features, such as sensitivity, biocompatibility, and therapeutic efficiency, can still be improved. The other biological parameter sensors combined with hypoxia imaging are also a potential progressive point. To date, not many tumor-related studies have explored hypoxia. Hypoxia is a crucial factor for tumor detection and tumor therapeutic effect evaluation. With future progress, this technology will eventually become a powerful way to satisfy the need for tumor diagnosis and therapy.

Conclusion
==========

Precise tumor therapy requires technological progress in tumor imaging and therapy. Hypoxia is a key factor involved in the whole tumor genesis, growth, metastasis, and invasiveness processes. Investigating hypoxia distribution and understanding the hypoxia condition in tumor areas can greatly contribute to cancer diagnosis and therapy. The current multifunctional hypoxia nanoparticles have numerous advantages and have achieved great progress in the detection of tumor and the guidance of tumor therapy in the laboratory. Multimodal hypoxia imaging helps rapidly locate tumor regions non-invasively and obtain functional images of tumor areas. Hypoxia imaging-guided tumor therapy can monitor the therapy process and evaluate the therapeutic efficiency. However, many challenges remain in the clinical application of this technology. The issues of signal transmission, therapeutic effect estimating standard, and the combination of multimodal hypoxia imaging need to be addressed. Overall, the multifunctional hypoxia nanoparticle is a promising and powerful tool for treating tumor, and multimodal optical hypoxia imaging. Hypoxia-guided tumor therapy can substantially contribute to precise tumor theranostic.
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![A schematic representation of the synthetic process of Au NP polyiohexol composite BAPI nanoparticles and the dual-model imaging of BAPI nanoparticles (**A**). A schematic illustration for the Ir-Gd complex and its application for optical hypoxia/MRI dual modal imaging (**B**).\
**Abbreviations:** Au NP, gold nanoparticle; BTP, Ir(btp)~2~(acac); btp, 2-(2′-benzothienyl)-pyridinato-N,C3′; acac, acetylacetonate; BAPI, BTP and gold nanoparticles polyiohexol composite; MRI, magnetic resonance imaging.](ijn-14-707Fig1){#f1-ijn-14-707}

![A schematic illustration of PtTFPP-doped nanoparticle and TPP modification and its application in optical hypoxia sensing and hypoxia imaging-guided PDT (**A**). A schematic illustration of mPPt synthesis and cell membrane coating and its application in PDT and hypoxia imaging (**B**). A schematic illustration of Ru-ipad chemical structure and its application in optical hypoxia sensing and inducing apoptosis (**C**). A schematic illustration for the synthesis of Pt complex probe and its oxygen-sensing mechanism and its application in tumor PDT (**D**).\
**Abbreviations:** HI, high energy irradiation; LI, low energy irradiation; TPP, triphenylphosphine; HIF, hypoxia-induced factor; mPPT, membrane\@Pt(II) porphyrinic metal-- organic framework; PDT, photodynamic therapy; PtTFPP, Pt(II)-meso-tetra(pentafluorophenyl)porphine; ROS, reactive oxygen species; Ru-ipad, Ru(bpy)2(ipad)\](ClO4)2; bpy, 2,2′-bipyridine; ipad, 2-(anthracene-9,10-dione-2-yl)imidazo\[4,5-f\] \[1,10\]phenanthroline).](ijn-14-707Fig2){#f2-ijn-14-707}

![A schematic illustration of the UCNP-CA~E~-FDU/NO~2~ structure of the mechanism of hypoxia/NIR activating for tumor imaging and imaging-guided tumor therapy (**A**). A schematic representation for the amPEI synthesis process, and the application of amPEI in cell labeling, gene delivery, cancer cell targeting, and ratiometric hypoxia sensing (**B**).\
**Abbreviations:** amPEI, amphiphilic polyethyleneimine; CA~E~, (E)-o-hydroxycinnamic acid; FDU, floxuridine; GFP, green fluorescent protein; NIR, near-infrared; QDs, quantum dots; UCNP, up-conversion nanoparticle.](ijn-14-707Fig3){#f3-ijn-14-707}

![The design of multifunctional hypoxia theranostic nanoparticles (NPs).](ijn-14-707Fig4){#f4-ijn-14-707}

###### 

Types of multifunctional optical hypoxia imaging nanoparticles

  Type                                  Structure features                                                                    Diagram   References
  ------------------------------------- ------------------------------------------------------------------------------------- --------- -------------------------------------------------------------------------
  Core--shell structure nanoparticles   Easy to prepare; high loading capacity                                                          [@b36-ijn-14-707],[@b53-ijn-14-707],[@b56-ijn-14-707],[@b75-ijn-14-707]
  Matrix-dispersed nanoparticles        The components could disperse evenly within the structure                                       [@b37-ijn-14-707],[@b39-ijn-14-707],[@b52-ijn-14-707]
  Self-assembled nanoparticles          Easy to prepare; relatively loose structure                                                     [@b43-ijn-14-707],[@b74-ijn-14-707],[@b76-ijn-14-707]
  Micelle/liposome-like nanoparticles   Tumor cell homotypic targeting and immune escape abilities; better biocompatibility             [@b33-ijn-14-707],[@b77-ijn-14-707],[@b78-ijn-14-707]
